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Abstract For about two decades remote sensing (RS) data in the form 
of multi-spectral air photography, ground based weather radar as well as 
geostationary and polar orbiting satellite data have been available for use 
in hydrology. It is the intention of this paper to advocate the use of RS 
data in the field of hydrological modelling. It is shown that the main field 
of application of RS data in hydrological modelling lies in the meso-
scale. The potential of RS in the framework of GIS is shown along with 
three examples. The first example shows the use of RS data for 
rainfall/runoff modelling in the lower meso-scale. A model was 
developed which used the high spatial resolution of Landsat polar 
orbiting satellites (30m X 30 m) for model parameter estimation. The 
second example shows the use of geostationary satellite data for the 
computation of long time series of monthly runoff values in the upper 
meso-scale. It was applied in West Africa for the purpose of water 
resources planning. In the third example, a water balance model in the 
upper meso-scale is presented which computes daily values for all the 
variables in the water balance equation along with an example of the 
model's application in the international Mosel River basin. Here also the 
detection of land use changes by multi-temporal satellite imagery and 
their impact on hydrological parameters is discussed. In this example, 
emphasis is put on die combination of RS data with other information, 
such as digital elevation models or digitized maps, all within the 
framework of GIS. In conclusion, not only the potential but also the 
limitations of the use of RS in hydrological modelling are discussed. 
Utilisation de données provenant de la télédétection et de 
systèmes d'information géographiques pour la modélisation à 
méso-échelle des écoulements et des bilans en eau 
Résumé Depuis environ vingt ans des données télédétectées sont à la 
disposition de l'hydrologie, qu'il s'agisse de photographies aériennes 
selon différentes gammes de longueur d'onde, d'images fournies par les 
radars météorologiques au sol ou par des satellites géostationnaires ou à 
orbite polaire. L'objet de cet article est de plaider en faveur de 
l'utilisation des données télédétectées dans le domaine de la modélisation 
hydrologique. On montrera que leur principal champ d'application se 
situe à méso-échelle. Les possibilités associées aux données télédétectées 
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utilisées dans le cadre d'un système d'information géographique seront 
présentées à partir de trois exemples. Le premier exemple montre 
l'utilisation de données télédétectées pour une modélisation pluie-débit à 
petite méso-échelle. Les paramètres du modèle sont estimés grâce aux 
données à haute résolution spatiale (30m x 30m) des satellites Landsat à 
orbite polaire. Le second exemple présente l'utilisation des données d'un 
satellite géostationnaire pour le calcul de longues séries de débits 
mensuels à grande méso-échelle. Une application a été réalisée en 
Afrique de l'Ouest dans le cadre d'une étude de planification des 
ressources en eau. Le troisième exemple est consacré à un modèle de 
bilan en eau à grande méso-échelle, calculant les valeurs journalières de 
toutes les variables de l'équation du bilan, appliqué au bassin 
international de la Moselle. Une attention particulière a été portée à la 
détection des modifications de l'occupation des sols au cours du temps 
grâce à l'imagerie satellitaire, ainsi qu'à son impact sur les paramètres 
hydrologiques. Dans cet exemple nous avons insisté sur la combinaison, 
dans des systèmes d'information géographiques, des données télédétectées 
et d'autres informations provenant de modèles numériques de terrain ou 
de cartes digitalisées. Les possibilités comme les limitations de 
l'utilisation des données télédétectées dans la modélisation hydrologique 
sont discutées en conclusion. 
INTRODUCTION 
Although there has been a large number of scientific publications on the 
application of remote sensing to hydrology in recent times, practitioners have 
not accepted remote sensing in the way hoped by its advocates. This may be 
partially due to overselling the potential of remote sensing in hydrology in the 
past. Nevertheless it can be expected that in the near future remote sensing will 
play an increasing role in hydrology. There are several reasons for this 
expectation: 
(a) Longer time series of remote sensing (RS) data are now available as well 
as more electromagnetic sensors (e.g. in the microwave band). 
Geographic Information Systems (GIS) are more and more used in 
hydrology and are very valuable for areal representation of relevant 
parameters and variables. The combination of RS with other GIS data, 
e.g. digital elevation models, digitized maps, air photography, weather 
radar data etc. opens new perspectives in hydrological modelling; 
(b) the near future will provide hydrologists with new types of remote 
sensing information, e.g. various new sensors in the framework of the 
NASA/NASDA EOS programme, the Canadian radarsat, the Tropical 
Rainfall Monitoring Mission (TRMM), new European and Japanese 
ERS-satellites containing active microwave sensors etc.; and 
(c) the recent tendency in hydrology towards macro-scale hydrological 
modelling requires data quantities with temporal and spatial resolution 
which cannot be provided by conventional observation techniques, 
particularly not in the more remote areas of the world. Modelling of 
hydrological changes due to climate changes and other anthropogenic 
causes requires, however, worldwide hydrological modelling. Meso-scale modelling of runoff and water balances 123 
The question of the roles of different scales in hydrology has been 
discussed extensively in the recent past. It is well known now that it is not 
possible to transfer hydrological models from smaller scales to larger scales, 
since hydrological processes at larger scales expose an entirely different 
quality. Therefore different scales require different types of models. For the 
micro-scale many hydrological modelling approaches are available. Also for 
the lower meso-scales there is a large number of modelling tools available, 
while large-scale hydrological models hardly exist. Figure 1 shows the 
relevant scales as seen in the fields of atmospheric science, hydrology and 
geography. Although the allocation of various scales to areas in km
2 varies, 
it will be assumed for the discussion in this paper that - according to Fig. 
1 — micro-scale ranges from 1 cm
2 to 1 km
2, meso-scale from 1 km
2 to 100 
000 km
2 and macro-scale from 100 000 km
2 up to global scale. The meso-
scale will be sub-divided into the lower meso-scale (1 to 100 km
2) and upper 
meso-scale (100 to 100 000 km
2). The following discussion will be limited 
to the meso-scale and will present some models for the lower and upper 
meso-scale. This scale is presently subject to most hydrological modelling 
activities, while macro-scale modelling has only recently started. Due to their 
resolution in space, RS and GIS tools are particularly suitable for meso-scale 
modelling. 
Classifications
 sP
ac
e
 Scal
e 
Atmospheric 
^U~ 
tx. 
O 
o 
CO 
LU 
O 
ce 
O 
? 
Hydrological 
T*  o 
ce 
O 
i 2 
O 
co 
LU 
C 
c 
CD 
O) 
E 
CO 
r 
O 
: 
l 
Geographical 
Global 
Regional 
(Continents, 
Regions) 
Choric 
(River Basins, 
Catchments 
etc.) 
Topic 
(Hydrotop, 
Agricultural 
Plot etc.) 
i Distance Area , 
(m) 
""Earth Surface 
- 10
7 
- 10
6 
1 Mio km
2 — 
5100.000 km
2-
" ° 10.000 km
2-
~
 1°
4 100 km
2 
"
 1°
3 1 km
2-
~
 1°
2 iha-
- io
1 
1 1m
2-
- 10"
1 
10"
2 1 cm
2 
L 
In this paper: 
Macro-scale 
Upper i 
: Lower 
':<
;Mës.6^;;: 
|;sqale,|';: 
Micro-scale 
Fig. 1 Classification of scales in hydrology (after Becker & 
Nemec, 1987, modified). 124  G. A. Schultz 
THE ROLE OF REMOTE SENSING IN HYDROLOGICAL 
MODELLING 
Until the mid-1960s most hydrological models were of the lumped system type. 
With the advent of remote sensing data, digital elevation models and GIS, it 
became possible to apply distributed system models, which are able to take the 
areal distribution of hydrological processes into account. These models are able 
to describe a hydrological process in a more physically based way and since 
these models use areally distributed model parameters, they allow forecasts of 
the hydrological effects of land use changes, which lumped models are hardly 
able to provide. Hydrological models may use remote sensing data in two 
distinctly different fashions: 
(a) as a basis for model parameter estimation; and 
(b) as model input. 
For both types of use of RS data examples will be given in the following 
sections. More detailed information on the role of remote sensing in 
hydrological modelling is available in the literature (Schultz, 19870; 1988). 
Scientifically based hydrological models should have a structure which 
does not change from region to region. Only the model parameter values are 
different in different regions and the models have to be calibrated for each 
region separately. If one deals with physically based distributed system 
hydrological models, many model parameters depend on the characteristics of 
the hydrological system, e.g. the catchment characteristics, aquifer 
characteristics, river reach characteristics, etc. Examples of the estimation of 
model parameters with the aid of various satellite data will be shown later. 
Also, model input data can be estimated with the aid of RS data, e.g. the 
area covered by snow is relevant for the computation of snow-melt; vegetation 
status, radiation and temperature values are relevant for the estimation of 
évapotranspiration; cloud top temperature values or ground based weather radar 
may be used for the estimation of rainfall (as input to rainfall/runoff models). 
Examples of the use of RS data for model input estimation will be given in the 
following sections. 
Examples of models for the lower and upper meso-scale where RS data 
and GIS play a dominant role are given below. As mentioned earlier, processes 
at the higher scale are dominated by features different from those at the lower 
scale, while other features relevant for the smaller scale become insignificant 
at the larger scale. It will be shown that this is true even for the transition from 
lower meso-scale to the upper meso-scale. 
There is obviously an interdependence between the resolution in time and 
that in space in a hydrological model. It will be seen later that a model for 
flood forecasting in a small catchment area requires high resolutions in time 
and in space, whereas a low resolution in time (e.g. monthly runoff data) can 
also cope with a coarser resolution in space. Since GIS data are often available 
at high resolutions in space and in time, it has to be decided which resolution 
is required for a special modelling effort in the sense that unnecessary Meso-scale modelling of runoff and water balances 125 
refinement (too high resolutions in time and in space) should be avoided as well 
as too coarse resolutions which may result in a loss of accuracy. 
LOWER MESO-SCALE: FLOOD HYDROGRAPH 
MODELLING USING RAINFALL/RUNOFF MODELS 
An example of a deterministic distributed system model of the lower meso-
scale will be presented for which the parameter values are partially derived 
from Landsat data. In order to make full use of the high resolution in space it 
was decided to sub-divide the catchment into area elements of Landsat pixel 
size, i.e. 30m x 30 m. For each pixel a mathematical routing procedure was 
developed which routes the water downhill from pixel to pixel, eventually 
reaching a river, and then routing the water down the water course to the 
Fig. 2 Land use classification, LANDSAT-TM-Scene of 30.71984 
in the \blme River catchment (Germany) at Gauge Stephansohl 
(94 km
2). 126  G. À. Schulîz 
catchment outlet. The mathematical model transforming rainfall into runoff uses 
Landsat imagery of several channels in order to specify catchment 
characteristics which are hydroiogically relevant. From these catchment 
characteristics the parameters of the hydrological model are estimated. Using 
the seven channels of Landsat, certain model parameters relevant for 
évapotranspiration, interception and infiltration can be estimated on the basis 
of land use classification as well as the vegetation index (NDVI), all of which 
are directly derived from the Landsat spectral data. Figure 2 shows the land use 
classification based on Landsat TM imagery for the Volme River basin in 
Germany having a catchment area of 94 km
2 (Neumann et al., 1990). 
For hydrological modelling it is advisable to combine satellite 
information with other data obtained or derived from digital elevation models 
(DEM). For the research in the Volme River catchment, Landsat imagery as 
well as DEM data obtained from the State Surveying Department in 
Northrhine-Westfalia, Germany, (Fett et al., 1990) were used. The DEM uses 
pixels of 50m x 50 m which had to be adapted to the Landsat pixel size used 
in the model. The DEM may not only be used in order to know the elevation 
of all pixels in the catchment area but also to derive various other 
hydroiogically relevant information, such as land slope (relevant for flow 
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Fig. 3 Elevation and exposure of area elements in the Volme 
River catchment (Germany) at Gauge Stephansohl (94 km
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velocity) or exposure to the sun (relevant for évapotranspiration). Figure 3 
shows elevation and exposure of area elements in the Volme catchment, 
Germany. 
Figure 4 shows part of the model structure, i.e. the assumptions for 
vertical and lateral fluxes from pixel to pixel on which the model is based. 
More details of the structure of the model used are given by Fett (1993). 
Pixel length (30 m) perc.-
Rnet rainfall minus interception 
OF overland flow 
IF flow within A-horizon (Interflow) 
P Percolation into B-horizon 
Qsol! Flow from B-horizon (Subsurface flow) 
Perc Percolation to groundwater storage 
i index of pixel 
Fig. 4 Witer-fluxes in the distributed system model. 
As mentioned before, the data base of the model consists of data obtained 
from satellites, digital elevation models and other sources. Figure 5 shows the 
data, their sources and data base used in the modelling process. 
All this information is implemented in the GIS ILWIS and, since 
recently, also in ARC/Info. The model was applied to compute flood 
hydrographs which occurred in the Volme River catchment with the aid of 
observed rainfall data as model input. Figure 6 shows as an example a 
comparison between an observed flood hydrograph in July 1988 in the Volme 
River and the corresponding computed hydrograph. 
The high spatial resolution used in this model gives rise to a very large 
quantity of data which has to be handled in the computer. In the Volme 
catchment, 100 000 pixels in up to seven spectral bands (Landsat) have to be 
used. This seems to be about the limit for such models and is the reason why 
a model working on the basis of such a high spatial resolution has to be limited 
to the lower meso-scale. The hydrological modelling effort showed, however, 
that it is unnecessary and also difficult for an adequate simulation of the 
hydrological process to use all this information during the whole modelling 
procedure. Therefore it was decided that, in one version of the model, pixels 
should be grouped into larger area elements, thus reducing the computational 
work and increasing output accuracy (Fett, 1993). A model having such a high 128  G. A. Schultz 
Precipitation  Runoff 
Fig. 5 Distributed system hydrological model using a sequential 
data base (containing satellite and DEM data) for parameter 
estimation. 
resolution in space makes sense only if the model input, e.g. precipitation, can 
also be provided with a similar spatial resolution. This will be provided in the 
future by weather radar data. 
UPPER MESO-SCALE: MONTHLY RUNOFF GENERATION 
In the previous section an example of the use of RS data, in particular Landsat 
satellite data, for model parameter estimation was presented, working in the 
lower meso-scale with very high resolutions in time and in space. The example 
presented in this section is quite different in that the information required (for 
the design of a water resources system) may be rather coarse in the time scale, 
i.e. a long time series of monthly river runoff volumes is sufficient. The 
catchment area is in the order of 16 000 km
2, i.e. upper meso-scale. Thus both 
the resolutions in space and in time required for the model are comparatively 
coarse. Therefore a model was developed which differs considerably in its 
structure from the one presented above. The monthly runoff volumes are Meso-scale modelling of runoff and water balances 129 
Voîme River Catchment, Germany 
Stream gauge Stephansohl 
14. - 23. July 1988 
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Fig. 6 Hydrological model on a pixel basis (30 x 30 m). 
Comparison between observed and computed runoff in the Wme 
River, Germany (catchment area 94 km
2). 
computed from Meteosat satellite data. The model was applied to the catchment 
area of the Tano River in Ghana, West Africa. Meteosat data can be obtained 
with a temporal resolution of 30 min and spatial resolution of 5 km
2 in the 
infrared channel (IR) used in this example. A thorough sensitivity analysis was 
carried out in order to obtain information on the resolution required for the 
modelling effort in time, space and spectral channels. From the three available 
spectral channels of Meteosat (IR, Visible and Water vapour) it was shown that 
only the IR information is relevant. Furthermore, the sensitivity analysis 
showed that it is not necessary to use 48 images per day but that it suffices to 
use two images only, one at 20:00 h, the other at 23:00 h. For the catchment 
under consideration it was also not necessary to use the full spatial resolution 
of Meteosat, but rather the so-called B2 data, i.e. every 6th pixel in a row and 
every 6th row. This way it was possible to reduce the data quantity by a factor 
of 2600 without any significant loss in accuracy. 
The model consists of two consecutive steps: 
(a) computation of monthly area rainfall volumes with the aid of Meteosat 
IR data; and 
(b) computation of monthly river runoff volumes with the aid of the rainfall 
data computed under (a). 
Figure 7 shows the location of the Tano River basin in West Africa as 
well as two consecutive IR Meteosat images from which the rainfall was 
computed. The computation of rainfall from Meteosat imagery follows a 
modified Arkin approach published elsewhere (Papadakis et al., 1992). 
JL^ii 
Total rainfall 
I R = 105.8 mm G. A. Schultz 
Fig. 7 Cloud development, Tano River basin, Ghana, Vest 
Africa; two successive IR images ofMeteosat. 
The monthly rainfall values are computed with the aid of mean daily 
rainfall intensities which are derived from cloud top temperatures as seen in the 
Meteosat IR band. The technique was calibrated and validated in the Tano 
catchment in West Africa. The transformation of the rainfall data into monthly 
runoff volumes was done by a simple nonlinear model. Figure 8 shows an 
example of the performance of the model. Although the agreement between the 
observed and computed data is by no means perfect the model is highly 
valuable for the planning of water resources systems since it allows 
reconstruction of longer time series of monthly runoff volumes on the basis of 
observed satellite data. Meso-scale modelling of runoff and water balances 131 
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Fig. 8 Monthly rainfall and runoff data estimated from remote 
sensing data (Meteosat IR). Tano River basin (16 000 km
2), 
Ghana, Vest Africa. 
UPPER MESO-SCALE: DAILY WATER BALANCE 
MODELLING 
The two examples presented so far were extremes since the first model worked 
with very high resolution in space i.e. a scale of 30m x 30 m and a high 
temporal resolution of 1 h while the second model was comparatively coarse, 
i.e. working on a temporal scale of one month and a spatial scale of 36 x 36 
km
2. In both cases the model structure was determined by: 132  G. A. Schultz 
(a) the process under consideration (flood hydrographs vs. monthly runoff 
values); 
(b) the catchment area (100 km
2 vs. 16 000 km
2); and 
(c) the purpose of modelling (design flood computation or flood forecasting 
vs. long time series generation for design of water supply reservoirs). 
In this section a water balance model will be presented the purpose of 
which is the computation of all components of the water balance equation on 
a daily basis. The catchments under consideration are various tributaries of the 
International Sauer catchment (a tributary to the Mosel River) of the order of 
magnitude of several hundreds up to a few thousand square kilometres. 
In the first instance, an attempt was made to use the model presented in 
the first example by just aggregating Landsat pixels to large squares of, for 
example, one km
2 (i.e. 1000 Landsat pixels) or even four km
2 (i.e. 4000 
Landsat pixels). It was soon found out that this type of schematic aggregation 
is not feasible since unrealistic flow configurations occurred. As mentioned 
before, it was impossible to use the Landsat pixels themselves since a 
physically based model for such large catchment areas does not only comprise 
the processing of an excessive amount of data but also makes calibration and 
validation of the model infeasible due to the lack of data required for 
verification. Since it is known that the hydrological processes governing upper 
meso-scale catchments are different in quality from those governing micro-scale 
or lower meso-scale systems, a new procedure had to be developed. Since one 
of the major purposes of the modelling effort was the capability of the model 
to simulate changes in the catchment characteristics (e.g. changes in land use, 
agriculture urbanisation, forest cuts etc.) it was necessary to start the modelling 
activity by using Landsat pixels again. Only for such small areas can land use 
changes be specified in an accurate way. In a second step of the modelling 
effort it became necessary, however, to aggregate pixels into larger units. It 
was decided to aggregate pixels which behave in a similar way into so-called 
Hydrologically Similar Units (HSUs) which consist of those neighbouring 
pixels which are similar in their soil type, slope, land use and other 
parameters. In this way a catchment area can be sub-divided into a large 
number of HSUs in the sense that the same type of HSU may occur many 
times in a catchment area. For each HSU the vertical water fluxes may be 
computed separately, while for all HSUs of the same type and having the same 
travel time to the catchment outlet the lateral fluxes can be computed in one 
step. In this modelling effort RS data are used for: 
(a) model parameter estimation; 
(b) interception computation; 
(c) évapotranspiration determination; and 
(d) assessment of impact of land use changes on various hydrological 
variables. 
The following sub-sections show how RS information is used — partially 
in combination with other information - within the framework of the 
modelling effort. Here again the data processing may be done within the 
framework of the ARC/Info GIS. Meso-scale modelling of runoff and water balances 133 
Land use classification using satellite imagery 
Although land use classification on the basis of satellite imagery seems 
nowadays to be standard practice, it should not be overlooked that this 
technique is still rather error prone. This is partially due to the fact that, for 
the calibration process, homogeneous test areas have to be chosen which are, 
to a certain extent, subjective and therefore lead to different results obtained 
from different experts. Figure 9 shows an example of land use classification on 
the basis of Landsat TM data made by two different institutes. It can be seen 
that, for the test area in the Mosel River catchment, the differences obtained 
are significant. Furthermore, if different satellites are used, differences in the 
land use classification also occur. Figure 10 shows a comparison between land 
use classification on the basis of Landsat TM data and SPOT satellite data. 
Here again the differences are significant. 
Classification CB> 
Latnduse Classification from 
altèrent Experts 
8 5kn 
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Fig. 9 Land use classification with the aid of Landsat TM data: 
(A) classification by the author's institute; (B) classification by a 
commercial firm; below: differences between (A) and (B). Section 
of Mosel River basin. 
These two examples should make it quite clear that the problem of land 
use classification has not yet found a unique solution. 134  G. A. Schultz 
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Fig. 10 Comparison of land use classification: Landsat vs. SPOT 
data. Section of Sauer catchment near Echternach (Mosel River 
tributary). 
Vegetation 
For the estimation of évapotranspiration and interception it is necessary not 
only to know the land use but also the status of the vegetation which gives rise 
to different model parameters for different seasons of the year. Figure 11 
shows the normalized difference vegetation index (NDVI) obtained for the total 
Mosel River basin with the aid of NOAA satellite data which are available 
every twelve hours. The two images in Fig. 11 show that there is a significant 
difference in the NDVI in late spring vs. summer. 
Land use change 
Besides the seasonal changes of hydrological model parameters there is also a 
long-term change in many areas. This gives rise to changing hydrological 
characteristics within the catchment area which the model presented here should 
be able to account for. As an example of significant land use change in the Meso-scale modelling of runoff and water balances  135 
May 1989 July 1989 
i 0,00 <- NDU1 <- 0,10 
0.18 < NDV] <- 0,20 
1 ifti 0,20 < MDU1 <- 0.36 
I 0,30 < HDMI <~ 0,40 
, 0,40 < MDUI <- 0,50 
| ! 0.50 < NDUI <- 0.60 
I [:$•_. i 0.60 < N»U] <- 0.70 : 
Fig. 11 Normalized Difference Vegetation Index (NDVI), Mosel 
River basin. Late spring vs. summer. Basis: NOAA satellite data. 
Mosel River basin, Fig. 12 shows the Alzette catchment area (a Mosel 
tributary) in Luxembourg where it can be seen that between 1975 and 1989 
significant land use changes occurred, particularly in the area of Luxembourg 
City. This effect gives rise to long-term changes in hydrological model 
parameters. 
Hydrological model elements derived from remote sensing and other 
information 
Since hydrological model parameters depend to a large extent on catchment 
characteristics, the parameters may be derived from RS information together 
with other data, e.g. maps, digital elevation models and other GIS data. Here 
only two examples will be presented which show the merging of different types 
of digital data used for model parameter estimation. 136  G. A. Schultz 
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/-ïg. 12 Land use change, Alzette catchment, Luxembourg, 1975 
vs 1989. 
Merging RS data and maps In hydrological rainfall/runoff modelling, 
the water stored in the soil is of great relevance. This soil water storage 
depends on the land use and on the soil type. Data on land use and, derived 
from this, the plant root depths may be obtained with the aid of land use 
classifications, which in turn are derived from Landsat imagery. Information 
on soil type and thus soil porosity may be derived from digitized soil maps. In 
this way it becomes possible to estimate the maximum soil water storage for 
each pixel wfthin a catchment area on the basis of merged RS and map 
information. Figure 13 shows, for the Nims River basin (a Mosel tributary), 
root depths (from RS data), soil porosity (from digitized soil map) and the 
product obtained from these two informations, e.g. the maximum soil water 
storage in a catchment which is needed for the hydrological rainfall/runoff 
model. 
Merging RS data with DEM data and a soil map Another type of 
information which is frequently used in hydrological modelling is the 
subdivision of a drainage basin into so-called Hydrologically Similar Units 
(HSUs), as mentioned earlier. Here an example is presented in which RS data 
are merged with DEM data and a digitized soil map for the determination of Meso-scale modelling of runoff and water balances 137 
Fig. 13 Maximum soil water storage map (right) of the Nims 
River basin (Mosel tributary, Germany) as the product of root 
depth (left) and soil porosity (centre). 
HSUs. Figure 14 shows RS data (land use classification), slope data obtained 
from a DEM and soil type data obtained from a map, which are merged into 
HSUs representing areas of equal hydrological behaviour due to their equal 
land use, slope and soil type. As mentioned above, for each HSU first the 
vertical fluxes and then the lateral fluxes are computed in the model. 
In a more refined version of the model, the determination of the HSUs 
requires more than the above mentioned three types of information and leads 
to a rather complex type of HSU. More details on the model structure will be 
published elsewhere. 
Model input from weather radar 
Although at present the model development for the Mosel River subcatchment 
uses conventionally observed rainfall data as model input, it is intended to use 
rainfall data from weather radar in the future. For this purpose C-band radar 
of the integrated West European weather radar network will be used. Radar 
information is available at high resolution in time (e.g. 1 h or even 15 min) and 
at high resolution in space (e.g. lxl km
2). Since the rainfall intensities in a 
catchment area can be received by radar and transmitted to a hydrological 
centre in real time, it is possible to use radar data in order to forecast expected 
flood hydrographs in real time (Klatt & Schultz, 1983). 
Figure 15 shows a sequence of three images taken by the radar of the 
German Weather Service in the city of Essen in which a severe storm with the 
danger of hail can be seen moving across the lower River Rhine basin from 138  G. A. Schultz 
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Fig. 14 Hydrologically Similar Units (HSU's) generated by 
merging data of land use, soil type and land slope. Nims River 
basin, Germany. 
southwest to northeast. The Mosel River is located at the bottom of the 
pictures, flowing to the northeast. It is obvious that a large number of such 
images has to be processed in real time in order to compute a flood forecast for 
such a catchment which can be speeded up by application of GIS. Meso-scale modelling of runoff and water balances  139 
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Fig. 15 Radar reflectivity of precipitation, River Rhine basin; 
Germany and The Netherlands (DWD, Essen). 
Figure 16 shows a comparison of a computed and an observed flood 
hydrograph on the basis of radar rainfall measurements, in this case not for the 
Mosel River but for another catchment in Southern Germany. 
MACRO-SCALE HYDROLOGICAL MODELLING 
Figure 1 gave some information on the relevant scales in hydrology. Remote 
sensing applications are mainly found in meso-scale modelling since: 
- the space and time resolutions of most sensors are suitable for this scale; 
and 
- most rivers drain catchments of the meso-scale, often also called 
"catchment scale". 
So far macro-scale hydrological models have hardly been developed. 
Nevertheless there is a growing interest in macro-scale hydrological modelling. 
For this there are several reasons, e.g.: 
(a) based on experience obtained so far in meso-scale modelling there now 
seems to be enough scientific know-how available for tackling the rather 
complex problem of macro-scale modelling; 
(b) modern water resources management requires optimization of integrated 
river basin systems of medium and large scales; 
(c) Numerical Weather Prediction Models (NWP) and Atmospheric General 
Circulation Models (AGCM) require land surface parameterizations at 
the AGCM grid scale in the order of magnitude of 100 x 100 up to 500 
x 500 km
2; and 140  G. A. Schultz 
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(d) the data scarcity in large regions of the world, where many large rivers 
exist, was prohibitive for hydrological modelling. It is hoped that a 
significant quantity of relevant hydrological information can now be 
acquired with the aid of remote sensing. 
As mentioned above it is not possible to use the same model structure as 
used in the meso-scale for macro-scale modelling since the quality of the 
hydrological processes becomes different at higher scales. Some macro-scale 
models have been developed, e.g. by Vôrôsmarty (1991) for the Amazon and 
Zambesi Rivers, by van Deursen & Kwadijk (1993) for the River Rhine, and 
for some others, e.g. Leavesley et al., (1983). A major effort for macro-scale 
hydrological modelling is presently on the way within the framework of the 
GEWEX programme. This is the GCIP project (GEWEX Continental 
International Project) which is presently under development for the whole 
catchment area of the Mississippi River (3.3 x 10
6 km
2). The GCIP project 
will connect the macro-scale hydrological model with an AGCM. GCIP will 
also rely heavily on RS data. Meso-scale modelling of runoff and water balances 141 
CONCLUSIONS 
Over about the last 20 years hydrologists have started to use RS information 
within the framework of hydrological modelling. It has been the intention of 
this paper to show some aspects of using RS information in hydrological 
modelling and to encourage colleagues to use this information. 
The resolution in time and in space of most sensors, particularly weather 
radar and sensors on satellites, has led to the fact that the most effective use of 
RS data in hydrological modelling can be found at the meso-scale. 
RS data can be used for estimation of model parameters as well as for 
model input. 
The best use of RS can be made if these data are combined with other 
modern sources of information, e.g. digital terrain models, digitized maps etc. 
The handling of all these data can best be done within the framework of 
Geographic Information Systems. Examples for merging RS data with other 
data in order to estimate hydrological model parameters have been presented. 
For hydrological modelling at the meso-scale - and even more for the 
macro-scale - RS data in their original form often represent a quantity of data 
which is too large to be handled easily and is more than is needed for efficient 
modelling. By the application of sensitivity analysis techniques it is possible to 
estimate that amount of data which represents a maximum reduction of 
unnecessary data quantities without losing accuracy. 
Since hydrological processes at large scales differ in quality from those 
at smaller scales it is necessary to develop new modelling approaches for 
macro-scale modelling. 
The potential of data from existing sensors and platforms is not fully 
exploited yet. Future RS systems, e.g. NEXRAD in the US, EOS (by NASA 
and NASDA), Radarsat (Canada) and new ESA systems, will offer new 
opportunities for hydrological modelling, particularly for larger scales. 
REFERENCES 
Becker, A. & Nemec, J. (1987) Macroscale hydrologie models in support to climate research. In: The 
Influence of Climate Change and Climatic Variability on the Hydrological Regime and Vfater 
Resources ed. S. I. Solomon, M. Bevan & W. Hogg. (Proc. Vancouver Symposium, August 
1987) 431-445. IAHS Publ. no. 168. 
Fett, W., Neumann, P. & Schultz, G. A. (1990) Hydrological model based on satellite imagery and GIS. 
In: Proceedings, International Symposium on Remote Sensing and V&iter Resources (Enschede, 
The Netherlands, 1990). 
Fett, W. (1993) Die Nutzung râumlich hoch aufgelôster Gebietsinformationen fur die Simulation von 
Hochwasserganglinien in humiden Mittelgebirgslandschaften (The use of area information with 
high spatial resolution for simulation of flood hydrographs in humid mountainous regions) in 
German. Schrifienreihe Hydrologie, WtssermrtschaftNo. 12. (ed. G. A. Schultz), Ruhr 
University Bochum, Germany. 
Klatt, P. & Schultz, G. A. (1983) Flood forecasting on the basis of radar rainfall measurement and 
rainfall forecasting. In: Hydrological Applications of Remote Sensing and Remote Data 
Transmission ed. B. E. Goodison (Proc. Hamburg Symposium, August 1983). IAHS Publ. no. 
145. 
Leavesley, G. H., Lichty, R. W., Troutman, B. M. & Saindon, L. G. (1983) Precipitation-runoff 
modelling system - user's manual; VSGS Wuer Resources Investigations Report 83-4238. 142  G. A. Schultz 
Neumann, P., Fett, W. & Schultz, G. A. (1990) A Geographic Information System as data base for 
distributed hydrological models. In: Proceedings, International Symposium on Remote Sensing 
and Vttter Resources (Enschede, The Netherlands). 
Papadakis, I., Napiorkowski, J. & Schultz, G. A. (1992) Monthly runoff generation by nonlinear models 
using multi-spectral and multi-temporal images. In: Remote Sensing for Oceanography, 
Hydrology and Agriculture, Advances in Space Research 13(5). 
Schultz, G. A. (1987) Parameter determination and input estimation in rainfall-runoff modelling based 
on remote sensing techniques. In: Wuerfor the Future: Hydrology in Perspective ed. J. C. 
Rodda& N. C. Matelas (Proc. Rome Symposium, April 1987). IAHS Publ. no. 164. 
Schultz, G. A. (1988) Remote sensing in hydrology, /. Hydrol, 100, 239-265. 
Van Deursen, W. P. A. & Kwadijk, J. C. J. (1993) RHINEFLOW: an integrated GIS water balance 
model for the river Rhine. In: Application of Geographic Information Systems in Hydrology and 
Witer Resources Management ed. K. Kovar&H! P. Nachtnebel (Proc. HydroGIS Conference, 
Vienna, April 1993). IAHS Publ. no. 211. 
Vôrôsmarty, C. J., Moore III, B., Grace, A. L., Gildea, M. P., Melillo, J. M., Peterson, B. I, 
Rastetter, E. B. & Steudler, P. A. (1989) Continental-scale models of water balance and fluvial 
transport: An application to South America. Global Biogeochemical Cycles 3(3). 
Received 20 November 1993; accepted 14 December 1993 